Introduction
Over recent years, high-temperature superconducting applications have been widely developed, because they do not require liquid helium. Helium resources are limited causing prices to soar. In Japan, the price of helium has doubled in the past decade.
There are various types of high-temperature superconductors. For high magnetic field applications such as Maglev, the focus was placed on rare-earth barium copper oxide (REBCO) coated conductors, represented in this case by yttrium barium copper oxide (YBCO). REBCO coated conductors are characterized by their high current density in high magnetic field environments. Therefore, REBCO coated conductors make it possible to raise the operational temperature of on-board magnets used in Maglev without requiring heavier superconducting coils. High operational temperatures in the region of 40 K can be achieved with REBCO coated conductors. Such high temperatures mean that with the REBCO coated conductors, the cooling system only consumes a relatively small amount of energy, compared to when being used with low temperature superconductor (LTS) magnets. Reducing the power source is also desirable for Maglev, which must weigh as little as possible [1] . REBCO coated conductors however have only recently been released onto the market and the development of applications has therefore only recently begun.
The authors have been studying REBCO coated conductors with a view to improving Maglev on-board magnets. A 5 T superconducting magnet using the REBCO coated conductors was developed with an operational temperature of over 40 K. Even though the size and shape of the magnet are not the same as current Maglev on-board magnets, the current density and maximum magnetic flux density are the same. In other words, the coated conductors used for the coil are located in the same position as previous Maglev on-board magnets. This paper reports the development and the experiments with the 5 T REBCO magnet.
Features of the REBCO coated conductor
Bismuth strontium calcium copper oxide (BSCCO) and REBCO are commonly known high temperature superconductor (HTS) materials. Figure 1 shows the basic structures of HTS wire. The BSCCO wire has a longer history and its critical temperature is higher than REBCO wire. Taking advantage of its high critical temperature, some demonstration experiments using HTS cable have been reported [2] .
On the other hand, REBCO has high current density in high magnetic fields and is mechanically strong because of its Nickel alloy substrate. It is therefore expected that RE-BCO can be employed in high magnetic field environments, for example, accelerators, NMR, MRI or Maglev. Nevertheless REBCO coated conductors presented a number of critical drawbacks, for which solutions must first be found. One of these problems is the fall in performance due to epoxy impregnation [3] . Although epoxy impregnation is widely applied to LTS coils, this technique delaminates the coated conductor and reduces the critical current of REBCO coils. Differences in thermal expansion coefficients of the epoxy resin and the coated conductor cause thermal stress which can reach several MPa. Even though the coated conductor is mechanically strong against tensile stress because of its nickel alloy substrate, it is vulnerable to peeling forces. The REBCO coated conductor is made of several layers, i.e., a nickel alloy substrate, buffer layers, a REBCO layer and stabilizer, and the bonding strength of each layer is weaker than the thermal stress under certain conditions. In addition, the screening current and the protection method in the case of the thermal runaway are notable problems. These obstacles hinder the application of coated conductors.
Development of a 5 T REBCO magnet
A superconducting magnet was developed using RE-BCO coated conductors to demonstrate that the coated conductor was capable of generating 5 T above 40 K. The target of 5 T is the maximum magnetic flux density of the Maglev on-board magnet. Even though the developed magnet was small, the current density and the magnetic flux density were the same as currently employed on-board magnets.
Critical current measurements of the REBCO coated conductor
The critical current (I c ) of each commercially available REBCO coated conductor is different. To design the magnet, tests were performed to evaluate the Ic using a short specimen from the coated conductor for the coil winding. Figure 2 shows the I c dependence on the magnetic field angle at various magnetic field intensities. Because the 
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coated conductor is in the form of thin tape, the I c depends on not only the intensity of the field but also the angle. Figure 2 indicates that the Ic peaks when the magnetic field is parallel to the coated conductor. As the magnetic field distribution of the coil is complicated, magnetic field analysis is essential for the precise design of a magnet. However, the lowest Ic at 50 K in 5 T, which is the target magnetic flux density, is approximately 80 A regardless of the field angle. Therefore, the operational current of the magnet was assumed to be 80 A for designing coil shape.
Design of the coil shape
A coil shape capable of 5 T with an operational current of 80 A was verified by magnetic field analysis. It was decided that several double pancake coils would be made and then stacked, as shown in Fig. 3 , because of the length of the commercial REBCO coated conductor under one thousand meters and so it is impossible to make a single large coil from one reel of the coated conductor. The advantage of this coil shape is that each double pancake coil is replaceable when one of them is damaged. As the length of the most obtainable REBCO coated conductor is 100 m, a double pancake coil is made of two 100 m single coils. The magnetic field analysis shown in Fig.4 indicates ten double pancake coils generate the target 5 T.
Fabrication of unit coils
Each double pancake coils was packed in a high purity copper case as shown in Fig.3 . In this paper, each pack of two coils is called a unit coil. High purity copper is suitable for both coil cooling and the enhancement of the mechanical strength of the coil. Two impregnation materials, paraffin and cyanoacrylate resin were employed, because epoxy impregnation is unsuitable for REBCO coated conductors [3] [4] . Cyanoacrylate is well known as quick adhesive and has moderate bonding strength at cryogenic temperature. Figure 5 shows the overview of a unit coil and the specifications are shown in Table 1 . Each unit coil I c was measured in liquid nitrogen and the results are shown in Fig.6 . The prospective Ic from the short specimen test and the magnetic field analysis was approximately 27 A. The I cs of all the unit coils were more than 27 A. That meant all the coils were sound and ready to be stacked. Some variation of the I c arises from individual differences in the coated conductors. Because of these differences, the accurate forecast of the coil performance was quite difficult without evaluating the whole-length I c of the coated conductor. However, an evaluation of this nature was unrealistic in terms of cost and time. Therefore establishing an easy and accurate coil design method was also a key problem.
Configuration of the magnet
The purpose of this magnet was to demonstrate the advantages of REBCO coated conductors. Therefore, a specialized cryostat for the coated conductor was also prepared. One of the advantages of REBCO coated conductors is high operational temperatures, above 40 K. Cryocoolers are usually used for cooling superconducting magnets, and there is a correlation between the operational temperature and the energy consumption of the cryocooler. For example, the energy consumption of a 40 K cryocooler is approximately ten times smaller than that of a 4.2 K one. A higher operational temperature means better energy efficiency. As Maglev on-board magnets must comply with a certain weight limit, the downsizing of the power source is also an attractive advantage. Another positive aspect is the simplification of the thermal insulation of a cryostat. A conventional superconducting magnet has a radiation shield which prevents thermal emission. The radiation shield is a thin metal cage and occupies the limited space inside the cryostat. As the energy efficiency of a cryocooler rises, a cryostat without a radiation shield becomes a possible option. Therefore, a superconducting magnet with a small cryostat is feasible if a coated conductor is used. In terms of magnet performance, the area which a cryostat occupies is only a dead space and causes the available magnetic field to decrease. For example, levitational, guidance and propulsion force for Maglev are generated by the interlinkage magnetic flux to the ground coils. A compact cryostat brings the superconducting coil closer to the ground coil and increases the interlinkage magnetic flux. The developed 5 T REBCO magnet does not have a radiation shield, therefore the gap between the coil and the cryostat is only 5 mm. This would not be achievable with a radiation shield. The schematic illustration and picture of the 5 T REBCO magnet are shown in Figs. 7 and 8.
The coil of the magnet consists of ten unit coils connected in series, and generates 5 T with an operational current of 80 A. The current density under these conditions is 130 A/mm 2 . This high current density is achieved by the thin insulation layers on the coil windings and the thin semiopened coil case. The capacity of the current leads were designed at 100 A. Therefore, when the coil is cooled down to less than 50 K, the maximum magnetic flux density should be 6 T. Other specifications are shown in Table 2 .
Excitation of the 5 T REBCO magnet
There are few high magnetic field REBCO magnets in the world, and no precedent for a 5 T REBCO magnet above 40 K. Consequently a series of excitation experiments were performed to obtain basic data. The magnet was excited at 25 K, 40 K, 45 K and 50 K. For the Endurance test, the magnet was also excited 100 times.
Temperature stability test
First, the magnet was excited without temperature control to measure the temperature stability of the coil and the relationship between the current and the generated magnetic flux density.
Step increments were used for the excitation with a ramp rate of 0.1 A/s and the current was held for 20 minutes for each current value. The magnet was excited until the current reached 100 A, and then the coil temperature rose from 24 K to 25 K as shown in Fig. 9 . This temperature increase was caused by Joule heating of the current leads. Considering the cooling power of the attached cryocooler, this was a reasonable result. The magnetic flux density of 5 T was achieved at 83 A, which is slightly higher than expected value of 80 A. This difference was caused by a phenomenon called screening current. As shown in Fig. 10 , vortex currents were generated inside the coated conductor during excitation and they reduced the magnetic field of the magnet. The screening current is a kind of persistent current and they kept generating 0.2 T after the current was shut down. The screening current in the REBCO coated conductor is much higher than the other superconductors. Therefore, it is difficult to design a highly homogeneous magnetic field magnet such as NMR or MRI using the coated conductor [5] .
Excitation above 40 K
The magnet was excited to measure the coil voltages and the magnetic field at 40 K, 45 K and 50 K. The I-V characteristics of the magnet are shown in Fig.11 to 13 . At 40 K, the magnet was excited in steady increments to 100 A and the maximum field was 6.2 T. The target magnetic flux density of 5 T was achieved also at 45 K with a current of 80 A. The screening current decreased as the current approached the critical current. Therefore, the required current for 5 T differs depending on the temperature. The coil voltage was unstable above 83 A, and the excitation test was stopped. Similar to 45 K, the coil voltage was unstable above 70 A at 50 K The generation of the coil voltage means Joule heating and it raises the coil temperature. As superconductor's temperature rises, the critical current reduces.
When the balance between the cooling and the heating is lost, the coil temperature rises drastically. This is called quench in the case of LTS, or thermal runaway in the case of HTS. In the worst case, the coil burns out. The protection of HTS magnets from thermal runaway is one of the biggest problems to be solved. The specific heat of any material including superconductors is quite small and the temperature propagation is fast when in the vicinity of absolute zero temperatures. Since the coil temperature rises uniformly in the case of LTS, the coil voltage can be detected easily and an early shut down is possible before the coil burns out. On the other hand, when voltage in the HTS coil is detected, this means that the coil temperature has risen locally and that the coil may have been damaged. Furthermore, the detection of very low voltage from a large scale coil is more difficult because of the high level of noise. Creating a protection for HTS magnets is important not only for Maglev on-board magnets, but also for other large scale applications.
As the coil was stable below 2 mV at any temperature, the magnetic field and the currents evaluated at a coil Table 3 . The predicted value from the short specimen test was 5 T at 50 K. However, only 4.4 T was achieved at 50 K and 5 T at 45 K. As mentioned above, commercial REBCO coated conductors do not have a uniform critical current. Achieving 5 T at 50 K is a realistic target when considering future improvement of coated conductors. REBCO coils and other magnet components such as the pulse tube cryocooler were therefore developed assuming an operational temperature of 50 K [6] . 
Endurance test
There is a possibility of performance falling over time in the case of long term use of the magnet. This decrease in performance levels can be explained through thermal stress from repeated cooling cycles and electromagnetic forces from excitation of the coil itself. Performance is further affected by running vibrations and electromagnetic forces from ground coils in the case of Maglev on-board magnets. The unit coils of the 5 T REBCO magnet were impregnated with paraffin or cyanoacrylate resin. These impregnation materials are not mechanically strong and release thermal stress by cracking. Therefore, thermal stress has a low possibility of causing performance degradation. This endurance test focused on electromagnetic forces. The magnet was excited to 5 T one hundred times and the coil voltage was evaluated before and after each excitation cycle. The coil was excited to 6 T for the coil voltage evaluation. The coil temperature was set to 40 K during the excitation cycle and excitation for the coil voltage evaluation. All the unit coil voltages and the total coil voltage were measured for precise evaluation. The coil voltages at 6 T before and after the excitation cycle are shown in Fig. 14. Each coil voltage was different due to the aforementioned variation in Ic of the coated conductors and the intensity of experienced magnetic field of each unit coil. Even though the voltage fell after 100 excitation cycles, the difference was small and there was no clear change in performance. As the electromagnetic force depends on the coil shape, fabrication of a full-scale REBCO coil and Endurance tests with it is planned as future work. 
Summary
REBCO coated conductors make it possible to raise the operational temperature of Maglev on-board magnets and downsize on-board power supplies. A REBCO magnet was developed to demonstrate that a magnetic field of 5 T can be achieved with a REBCO coated conductor. A magnetic field of 5 T is required for Maglev on-board magnets. The following conclusions were obtained: (1) The target of 5 T was achieved at 45 K and the magnetic field reached 6 T at 40 K. The current density was 130 A/mm 2 and this is sufficient for magnet applications.
(2) As the energy efficiency of a cryocooler at 40 K is approximately ten times higher than that at 4.2 K, such high operational temperatures enable the introduction of cryostats without radiation shields. When the structure has no radiation shield, the distance between the coil and the cryostat is shortened making the magnetic field more effective. (3) The excitation was carried out one hundred times as an endurance test and no performance degradation was observed. This work was financially supported by the Japanese Ministry of Land, Infrastructure, Transport and Tourism.
